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Abstract

Optical photothermal infrared response (0-PTIR) spectroscopy is an emerging technique of particular interest for examining the local chemistry and
structure of organic molecular and polymer materials. Here, we used O-PTIR to examine the 3,4-ethylenedioxythiophene (EDOT) and maleimide-
functionalized (EDOT-MA) monomers, and also thin films (~100 nm) of their corresponding polymers (PEDOT and PEDOT-MA) electrochemically
deposited on interdigitated (5 ym) gold electrodes. The 0-PTIR technique provided high-resolution (~ 1 um) information about the chemical structure,
including the ability to map local variations in the composition of the MA side groups. Certain limitations were found, particularly in samples that

were strongly optically absorbing.

Introduction

PEDOT is an optically dark conjugated polymer that substan-
tially improves the electrical capabilities of electrodes that
are coated with it, particularly the charge transport properties
(impedance) at low frequencies (less than~10% Hz). Its optical
absorbance and electrical conductivity stem from its conjugated
n-bond network along the carbon backbone. It has been used
for a variety of applications from electrochromic windows!!! to
bioelectronic coatings.”) PEDOT is chemically resilient, owing
to the lack of reactive hydrogens along the conjugated back-
bone due to the presence of the dioxy-ring on the thiophene,
allowing PEDOT coatings to be employed in a wide variety of
chemical conditions with limited degradation. However, this
chemical stability has a downside in that PEDOT is not easily
chemically modified after deposition.l*’ EDOT-MA is a chemi-
cally modified variant of the EDOT monomer that contains a
maleimide subgroup covalently bonded to the dioxy-ring of
the EDOT (Fig. 2). When polymerized, PEDOT-MA retains
these maleimide subgroups, which may then be used for post-
processing by way of the maleimide coupling click reactions'™
to reliably modify PEDOT coatings. These reactions likely
predominantly involve the exposed surfaces of the PEDOT-
MA, since the bulk maleimide groups would not be exposed to
reaction medium, leading to a need to characterize these films
through the changes in surface chemistry.

To fully exploit the PEDOT and PEDOT-MA films in
applications, it is important to characterize their surfaces in
a non-destructive manner such that we are able to differenti-
ate reacted and unreacted species, and to confirm the success
of any subsequent coupling reactions. This is not just a con-
cern for maleimide-modified PEDOT-MA, but to any modi-
fied PEDOT that serves as a basis for post-processing, such as

azide-modified PEDOT films analyzed with XPS.I! It is also
a concern for any other polymer systems where local surface
chemical modifications and control are desired. To this end, we
make use of optical photothermal infrared response with com-
plementary Raman spectroscopy to detect chemical changes at
the surface of these films.

Optical Photothermal Infrared (O-PTIR) spectroscopy is an
emerging technology used to measure the infrared and Raman
spectra of materials. This method does not require an IR trans-
lucent substrate and serves as an excellent way to examine
thick or otherwise cumbersome samples.l”) A visible laser of
532 nm is shone in tandem with a variable IR laser onto a sam-
ple. When the IR wavelength matches a vibrational mode of
the bonds present within this sample is absorbed, the resulting
photothermal expansion of the sample causes the elastic scat-
tering of the coupled visible beam (Fig. 1).[®! This visible beam
may also be used to generate the Raman spectrum of the same
sample simultaneously to the IR spectrum collection through
inelastic photon scattering.[”) The O-PTIR response for a given
sample can be described with the following expression:

oN on
APpr X rq)ﬁpprPIR:
where P, is the probe power, o is the absorption cross sec-
tion, N is the number density, k is the heat conductivity, C, is
the heat capacity, # is the refractive index, T is the tempera-
ture, and Py is the infrared power.!'” Due to the nature IR and
visible beams used, the depth that O-PTIR is able to survey
is dependent on the absorptive properties of the material in
question. For instance, cellular and biological tissue samples
are composed primarily of water and organic compounds, and

while the visible beam is able to transmit through the water,
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Figure 1. Cartoon diagram of the operation of O-PTIR microscopy
involving simultaneous visible and infrared irradiation of a set
point to produce elastically and inelastically scattered photons.
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large portions of the IR spectrum will be readily absorbed,
limiting the surveyable depth of biological tissues to be on
the order of 10 um.['"'2] However, it has been found that the
depth resolution of polymer films, while variable based on the
surface roughness and chemical bonds present, can be as low
as 1 nm.["3] Duye to the highly absorptive optical properties
and surface roughness of electrochemically deposited PEDOT
films,!'# it is reasonable to assert that it would exhibit the same
limit to the depth resolution of O-PTIR measurements as these
other polymer films. To understand the value that O-PTIR pro-
vides, it is important to consider the fundamental differences
between O-PTIR and other methods of obtaining IR spectra to
understand its potential uses.

When comparing O-PTIR to other methods of obtain-
ing IR spectra, several differences are observed due to both
physical and instrumental limitations. Transmission FTIR is
the standard way of obtaining IR spectra from samples and

Figure 2. Left: Schematic of PEDOT and PEDOT-MA deposition on an interdigitated gold electrode highlighting the complete separation of
both PEDOT variants. Right: Schematic representation of the electrodeposition setup used to polymerize PEDOT (blue) and PEDOT-MA
(orange) on both sets of interdigitated electrodes. WE: Working Electrode, CE: Counter Electrode, RE: Reference Electrode.
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involves passing infrared light through a sample to analyze
the amount of light that the sample absorbs. This technique
is relatively simple, and the IR spectra may be obtained over
large ranges (e.g., 4000—650 cm™'). However, there are limi-
tations in the kinds of samples that can be analyzed, as they
must be either suspended in a solvent that is transparent over
the window of IR wavelengths of interest, or be thin enough
to remain translucent when placed in the beam path.!'>) It is
for these reasons that this method is unsuitable for opaque,
thick, and/or layered films with heterogeneous compositions,
where individual layers must be characterized. Attenuated
Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) is a method that makes use of a single crystal
to which the sample is brought into contact. Infrared light
is then totally internally reflected within this crystal and an
evanescent wave interacts with the sample interface, pro-
ducing the IR spectrum of the sample from the light that is
reflected back over ranges similar to transmission FTIR. The
penetration depth d, of ATR-FTIR is generally on the order
of a few micrometers, and is a function of the evanescent
wave interaction with the incident light and the sample. It is
defined as follows:

A
) w2’
2mn,,/sin“ 6 — ol
Y, 2

where A is the wavelength of light, 0 is the angle of incident
light, n, is the refractive index of the crystal, and n is the
refractive index of the sample.['®) Due to the limited penetra-
tion depth, this method lends itself to examining thin films and
coatings, with the limitation that such films and coatings must
be directly applied to the crystal used in the instrument, with
layered films being equally unapproachable to transmission
FTIR, and with both transmission FTIR and ATR-FTIR shar-
ing similar spatial resolutions on the order of 10 pm.['”! Atomic
force microscopy with photothermal infrared spectroscopy
(AFM-PTIR) is a method similar to O-PTIR that makes use
of the same photothermal properties, but analyzes the physical
deflection of a mechanical probe instead of the scattering of
an optical probe. As it observes the same physical properties
of a sample, AFM-PTIR shares the same profiling depth and
limited IR range of O-PTIR (e.g., 1800—-800 cm™'), with the
added limitations that the mechanical probe cannot easily moni-
tor rough, highly heterogeneous, or liquid surfaces, while also
adding the risk of mechanically damaging the sample. While
the spatial resolution of AFM-PTIR is cantilever dependent and
on the order of 1 um, it can be used for microscale applications,
contrasting with O-PTIR which boasts a spatial resolution on
the order of 0.5 pm.!'8

Several standard polymers have been analyzed with O-PTIR
and coupled Raman spectroscopy to compare the results with
more traditional acquisition methods. Polyethylene (PE), poly-
propylene (PP), polyvinyl chloride (PVC), polyethylene tereph-
thalate (PET), polycarbonate (PC), polystyrene (PS), polylactic

dy, =

acid (PLA), polymethylmethacrylate (PMMA), and silicone
were comparatively analyzed using O-PTIR and ATR-FTIR
for IR spectral comparisons over the 1800-800 cm™' range,
and with O-PTIR coupled Raman and regular Raman spectros-
copy for Raman spectral comparisons over the 1800-250 cm™'
range.l'”) All polymers showed nearly overlapping IR peak
positions between methods, but with moderately variable
intensities being observed. As PET contains similar chemi-
cal groups to EDOT and EDOT-MA, its results will be spe-
cifically described here. PET showed overlapping peak posi-
tions at 872 cm ™!, 1018 cm™', 1097 cm™!, and 1409 cm ™', but
showed slight shifts in the 1246 cm™' and 1716 cm ™! peaks,
with the 872 cm ™! and 1716 cm ™! peaks being at similar inten-
sities, 1097 cm ™! and 1409 cm ™! peaks having higher O-PTIR
intensities compared to ATR-FTIR, and the 1018 cm™! and
1246 cm™! peaks having lower O-PTIR intensities compared
to ATR-FTIR. As for Raman spectroscopy, all polymers showed
nearly overlapping peak positions in all cases, but with O-PTIR
having higher intensities in nearly all cases. For PET, O-PTIR
and ATR-FTIR were in close agreement in terms of peak posi-
tion and peak intensity for the 632 cm ™', 857 cm ™!, 1287 cm™,
1614 cm™!, and 1725 cm™' peaks presented.!'”]

In this study, we expand on the work of polymer charac-
terization and make use of O-PTIR microscopy to charac-
terize and differentiate electrochemically deposited PEDOT
and PEDOT-MA coatings on a microelectronic device. Both
EDOT and EDOT-MA monomers are characterized using IR
and Raman spectroscopy, before then depositing polymer forms
of both onto two separated sets of electrodes. The presence of
both films are independently verified through electrochemical
impedance spectroscopy, with the chemical differences between
PEDOT and PEDOT-MA being determined using surface IR
and Raman spectroscopy.

Experimental methods

Electrochemical polymerization

All electrochemical polymerizations were performed on a
Metrohm Autolab PGSTAT128N potentiostat using a three-
electrode setup, where the working electrode was one side of
a Metrohm 5 pm interdigitated gold electrode (G-IDEAUS),
the counter electrode was a platinum wire (Surepure Chemet-
als), and the reference electrode was a Ag/AgCl pellet (Warner
Instruments) (Fig. 2).12%) Monomer solutions consisted of
10 mM of either EDOT (Sigma-Aldrich) or EDOT-MAP?!!
respective to their designated electrode, and 20 mM LiCIO,
(Sigma-Aldrich) in DI water provided by a MilliporeSigma
Milli-Q Reference Ultrapure Water Purification System for
EDOT, and acetonitrile (Sigma-Aldrich) for EDOT-MA.
Polymerization was handled using a galvanostatic (constant
current) method at 75 pA with a target charge density of 0.01
C/cm? applied to the total working electrode area of 8.45x 1072
cm? for the electrode geometry used. Electrochemical Imped-
ance Spectroscopy (EIS) over a frequency range of 10~' Hz to
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10° Hz was performed before and after this procedure using the
same electrode setup with a 0.1 M NacCl electrolyte solution.

Photothermal infrared imaging

All IR and Raman spectra were taken using a Photothermal
Infrared mIRage instrument with IR spectra taken between
1924 and 790 cm ™! and Raman spectra taken between 500 and
3700 cm ™! due to the configuration of the instrument.!'”1 All
measurements were taken using a standard detector with same-
day background calibration and a 5X gain.

Monomer examination

EDOT and EDOT-MA monomers were examined for their
IR and Raman spectra. A droplet of EDOT was placed on a
glass slide, and had an IR spectrum taken using 22% IR power
and a Raman spectrum taken using 25% probe power with a
65 pum confocal pinhole. EDOT-MA powder was then placed
on a glass slide and similarly had IR and Raman spectra taken
using the same settings as for the EDOT droplet.

Polymer examination

PEDOT and PEDOT-MA-coated IDE as prepared previously
were examined with both PEDOT and PEDOT-MA having
Raman spectra taken at 50% IR power and 7% probe power
with a 65-um confocal pinhole, respectively. An IR surface
map was then taken over a 60 um X 10 um area across 6 digits
of the IDE at 1718 cm ™.

Results

Due to the interfacial surface modification of these polymer
films, it was necessary to explore surface characterization
methods to differentiate chemical modifications. Bulk char-
acterization methods as well as destructive characterization
methods would be unusable in these cases, as the modified
surface of a film would compose far less of the total material
than the internal bulk material would. Likewise, destructive
characterization methods would destroy the surface intended
to be characterized and only provide characterization of the
underlying surface. It is for these reasons that surface infrared
and Raman spectroscopy are so attractive for this application,
as it is a minimally penetrative and non-destructive charac-
terization method for differentiating chemical components of
film surfaces.

By first examining the monomers, spectral properties and
differences between the two may be found that would show
the properties expected in polymerized samples. By comparing
the IR spectra of EDOT and EDOT-MA, several key similari-
ties and differences may be seen (Fig. 3). First and foremost,
EDOT-MA shows a large peak at 1718 cm™! from the carbonyl
groups present in the maleimide®? that is completely absent
from the EDOT. Also, the moderate peak present at 1492 cm™'
shows the presence of thiophene aromatic carbons in both
EDOT and EDOT-MA, with the base EDOT spectrum being
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Figure 3. Infrared comparison of EDOT and EDOT-MA.

Table I. Key peak assignments for EDOT and EDOT-MA IR com-
parison.

Wavenumber (cm ™) Assignment

1718 Maleimide Carbonyl C=0
1492 Thiophene Aromatic Carbons
1391 Maleimide Linker CH,

1065 EDOT Ether C-O-C

841 Maleimide Alkene C=C

similar to what has previously been reported>*?*! (Table I).
The similarities between EDOT and EDOT-MA are consistent
with their molecular structures, and with polymers with simi-
lar chemical groups analyzed previously, namely the aromatic
carbons and C=0 present in PET.['”) EDOT-MA is a modified
EDOT monomer, and shows similar traits to EDOT while also
showing the traits of the maleimide addition. The conclusions
found from the monomer IR spectral comparison extended to
the IR mapping of the double-polymer-coated interdigitated
electrode, in which a clear difference could be seen in the
optical photothermal infrared response of the two polymers
scanned at 1718 cm ™! [Fig. 4(a)].

This image clearly shows the ability of the O-PTIR tech-
nique to map out local chemical compositions of the PEDOT
and PEDOT-MA film deposited on the interdigitated gold elec-
trodes. The broadening signal near the edges of the electrode
is due to PEDOT growing out and away from the electrodes,
but due to the overlap of the stronger O-PTIR signal with the
bounds of the electrode, we estimate the effective resolution of
the technique as approximately 1 um.

The electrodeposition of PEDOT and PEDOT-MA led to a
drop in the low-frequency impedance of approximately 2 orders
of magnitude for both coated electrodes [Fig. 4(b)]. This drop
in impedance is consistent with the previous observations of
similar coatings.!*!! These coatings were thin, with an estimated
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Figure 4. (a) Center: Reflected optical microscopy image of the coated interdigitated electrode. Lightest bands are PEDOT-MA-coated
electrodes, brown bands are PEDOT-coated electrodes, and darkest bands are uncoated glass substrate. (a) Right: O-PTIR mapping
of area depicted in the center image. (b): Electrochemical Impedance Spectroscopy of PEDOT and PEDOT-MA-coated IDE. (c): Raman

comparison of (P)EDOT and (P)EDOT-MA C: IR Mapping for PEDOT and PEDOT-MA at 1718 cm™".
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Table Il. Raman key peak assignments for (P)EDOT and (P)EDOT-
MA comparison.

Wavenumber (cm™") Assignment

1428 PEDOT C,=Cy(-0O)

1773 Maleimide Carbonyl C—-C=0
2864 PEDOT CH,

thickness of 24 nm for PEDOT and 120 nm for PEDOT-MA
based on the total charge density and other studies from our
laboratory,®*! and as seen by the trace electrode color changes
observed optically throughout the polymerization process.

The Raman spectra taken from both the monomers and
polymers can be compared to complement the IR spectra
and show a greater level of detail between the (P)EDOT
and (P)EDOT-MA [Fig. 4(c)]. The monomers showed clear
differences related to the presence of the maleimide on
the EDOT-MA and absent on the EDOT, as shown mostly
through the peaks at 1773 cm™' present in EDOT-MA but
completely absent in EDOT. This peak is directly related to
the presence of the carbonyl groups in the maleimide present
in EDOT-MA.**?” PEDOT and PEDOT-MA also showed
key differences to their monomers in the form of peak clus-
ters at 1428 cm™' and 2864 cm ™! (Table II), which are peaks
strongly associated with the presence of PEDOT.[?%2%1 How-
ever, the 1773 cm ™' peak associated with the maleimide pre-
sent in EDOT-MA was not present in the Raman spectrum
of PEDOT-MA, indicating that Raman spectral analysis
by O-PTIR is insufficient to detect these kinds of chemical
changes on the surfaces of the polymer. This is reasonable
considering the dual-beam nature of the O-PTIR method. The
infrared beam was likely able to pierce below the surface
of the PEDOT film and be absorbed by maleimide present
there, causing at least some thermal expansion and elastic
photon scattering that was unimpeded by the PEDOT chains
themselves. However, the visible beam from the Raman laser
was likely overwhelmingly absorbed by the PEDOT chains
at these same depths, preventing the visible light from hitting
much of the maleimide present. Those photons that did inelas-
tically scatter from the maleimide would then have to go back
through any overlaying PEDOT, diminishing the maleimide
Raman signal overall. This explains the discrepancy between
the findings of PEDOT and PEDOT-MA here and the find-
ings with other non-conjugated polymers in the literature. For
PET, both carbonyl and aromatic carbons are present in the
IR and Raman spectra collected using O-PTIR,['”) however,
PET does not have any extended pi-bond conjugation and
thus would have limited visible light interaction as opposed
to the conjugated nature of PEDOT and PEDOT-MA. It is for
this reason that depth resolution is largely insignificant when
investigating pure materials that do not absorb visible light
to a large degree.
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Conclusions

The construction of electrochemically deposited thin PEDOT
and PEDOT-MA films were characterized through O-PTIR
microscopy to compare surface IR and Raman spectra between
PEDOT variants and their respective monomers. Both poly-
mers showed considerable increases in their Raman spectra at
1428 cm™! and 2864 cm ™! compared to their monomer coun-
terparts due to the extended n-bond conjugation present. The
IR spectrum of EDOT-MA also showed the addition of a large
peak at 1718 cm™' compared to EDOT due to the chemical
addition of the maleimide carbonyl groups. When the PEDOT
and PEDOT-MA polymers were scanned to create a surface IR
map at this wavelength, polymer-wide contrast was able to be
detected. The ability for the IR scan to detect the maleimide
while the Raman spectra could not is likely due to the rela-
tionship between the O-PTIR method itself and the surface
properties of the PEDOT polymers. The surface roughness of
the PEDOT polymer coatings along with the highly optically
absorptive nature of PEDOT likely reduces the penetrative
capabilities of the visible beam probe of the O-PTIR instru-
ment, limiting its surveying depth to the order of a nanom-
eter. This allows the PEDOT to produce a strong Raman signal
while the maleimide signal is suppressed. The IR beam of the
O-PTIR instrument would not be limited in this way, and would
only need to heat up maleimide groups enough to cause enough
thermal expansion in the surrounding PEDOT to produce the
signal that is seen. The absorption coefficient of PEDOT at this
wavenumber is reported to be approximately 50,000 cm™!,%
corresponding to a penetration depth of~200 nm. This is rea-
sonably consistent with both previous work concerning PEDOT
thickness control relating to optical darkness and the results
from this study. PEDOT and PEDOT-MA have highly complex
surface morphologies, and it is reasonable to assert that the pen-
etration depth of the IR beam would allow it to cross multiple
surface interfaces present through the film.

The ability to detect surface chemistry alterations of
PEDOT-coated electrodes has thus been found to be sufficiently
possible through O-PTIR characterization, as shown through
the detection of carbonyl bonds present in maleimide subgroups
being found in PEDOT-MA-coated electrodes, but not PEDOT-
coated ones. This is reinforced by the IR analysis of the respec-
tive monomers, which show a similar difference in features.
However, Raman spectroscopy was insufficient in determining
differences in surface chemistry, for while the monomers did
indeed show a difference in spectra, this was not observed in
the polymer film characterization.

Further work in the chemical characterization of thin film
interfaces like these could take the form of chemically reactive
assays to verify the presence of post-processing products, or
QCMY/SPR studies to determine surface mass accumulation in
the presence of analytes. Alternatively prepared PEDOT films
could also be tested to investigate the role of surface mor-
phology on the ability of O-PTIR to probe for surface IR and
Raman spectra. Such methods would preserve the integrity of
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the surface conditions, while also giving insight into the chemi-
cal properties of the surfaces.
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